Electrocoagulation has been employed as a treatment technique for treating various wastewaters. This study focuses on the performance of electrocoagulation process for the treatment of Palm Oil Mill Effluent (POME) and Paint Wastewater (PW) using iron electrodes. POME obtained from local palm oil producers and PW from a paint industry, both in Enugu state of Nigeria, were treated by electrocoagulation using two iron electrodes. Effects of current density, electrocoagulation time, pH, and temperature were studied. Results revealed that this process could reduce the concentration of Total Suspended and Dissolved Solids (TSDP), in both POME and PW. The highest removal efficiencies of 65% and 76% were obtained for POME and PW, respectively, at 3 Amps, 60min, pH of 10, and 50 ∘ C for POME and 3 Amps, 60min, pH of 6, and 60 ∘ C for PW. Of the two kinetic models studied, second-order kinetic model fitted best to the obtained experimental kinetic data. From this study, it can be concluded that electrocoagulation is effective in the treatment of POME and PW.
Introduction
Environmental pollution has been an issue of serious concern in the world. This is attributed to its effect on the quality and hence deterioration in water quality as well as other parts of the environment as a result of the alteration of the natural standard due to pollution [1] .
Increased human activities such as industrialization have led so much to the current level of pollution. Dangerous conditions like Ozone depletion, green-house effect, and global warming have resulted from the release of toxic gaseous substances into the atmosphere [2] . Also, the indiscriminate releases of wastewaters into the environment have adversely affected the soil quality, water bodies, and the entire ecosystem [3] .
With rapid industrialization in the world today, huge amount of water is used as raw material, for washing purpose, as well as for cooling of equipment. As such, several raw material, intermediate products, and wastes are brought into water during industrial processes [4] . In other words, wastewater is a major pollutant source into the environment. International Journal of Electrochemistry because it efficiently removes turbidity and decreases the level of suspended solids [1, 9] . Electrocoagulation also known as radio frequency diathermy or short wave electrolysis is a technique used for wash water treatment, wastewater treatment, industrial processed water, and medical treatment [5] . The major advantages of electrocoagulation over other conventional techniques, such as chemical coagulation and adsorption, are "in situ" delivery of reactive agents, no generation of secondary pollution, and compact nature of the equipment [10] . Electricity-based electrocoagulation technology removes contaminants that are impossible to be removed by filtration or other chemical treatment methods. Some of such contaminants include oil, total petroleum hydrocarbons, suspended solids, and heavy metals [3, 11] .
In other to ensure effective and efficient electrocoagulation treatment of wastewater, there is need for the study of the kinetic of the treatment process. A number of studies have been conducted on the kinetics of electrocoagulation process [5, 12] . The results of the studies indicate that the kinetics of electrocoagulation process is highly dependent on the current density, time, pH, and temperature [13] .
However, there is limited and diffuse information on how these parameters (current density, time, pH, and temperature) affect electrocoagulation of Palm Oil Mill Effluent (POME) and Paint Wastewater (PW) using only iron electrode. Although Chantaraporn [14] studied the pretreatment of POME by electrocoagulation, the treatment was conducted using aluminum electrode. Likewise, Abdurrahman [15] studied treatment of paint wastewater using electrocoagulation method. However, combinations of aluminum and iron electrodes were used. Hence, these are motivations to study the treatment of both wastewaters, using iron electrodes.
In other words, the objectives of this study were to (1) evaluate the effects of current density, time, pH, and temperature on turbidity removal efficiency of POME and PW using iron electrode and (2) characterize the treated wastewaters to ensure compliance with required standards. Furthermore, electrocoagulation experimental data were fitted to firstorder and second-order electrocoagulation kinetic models, so as to investigate how the process parameters related to process kinetics. Furthermore, the fitting of each model to the experimental kinetic data was estimated using correlation coefficient (R 2 ).
eory of Electrocoagulation.
A good number of authors have discussed the theory of electrocoagulation (EC) [10, 14] . This process is comprised of three successive stages.
(1) Formation of coagulants by electrolytic oxidation of the sacrificial electrode, which may be summarizes as follows:
(a) Compression of the diffuse double-layer around the charged species, which is achieved by the interactions of ions generated by dissolution of the sacrificial electrode, due to passage of current through the solution. (b) Charge neutralization of the ionic species present in wastewater. This is caused by the counterions produced by the electrochemical dissolution of the sacrificial electrode. These counterions reduce the electrostatic interparticle repulsion sufficiently so that the van der Waals attraction predominates, thus causing coagulation. A zero net charge results in the process. (c) Floc formation: the floc formed as a result of coagulation creates a sludge blanket that entraps and bridges colloidal particles.
(2) Destabilization of the contaminants, particulate suspension, and breaking of emulsion.
(3) Aggregation of the destabilized phases to form flocs.
The chemistry of the aqueous medium is very essential is electrocoagulation studies. When charge is applied from an external source, the anode is oxidized while the cathode undergoes reduction. Often, aluminum and iron are used as electrodes during this process. However, this study was centered on the use of only iron electrodes. The following are the two proposed reaction mechanisms: First Mechanism:
Cathode:
Overall:
Second Mechanism:
Materials and Methods
. . Effluent Collection and Characteristics. This study was carried out at the chemical Engineering laboratory, Nnamdi Azikiwe University Awka, Anambra State of Nigeria. Wastewaters were collected from industries in Enugu state of Nigeria. Palm Oil Mill Effluent (POME) was obtained from local palm oil producer at Adelabu Street, Uwani, Enugu, Enugu state. POME was collected from the discharge tank where all wastewaters are collected before being discharged. A clean 25 liter container was used to collect the waste water. The container was corked, sealed, and refrigerated until the commencement of the analysis.
Similarly, the paint wastewater was collected from Flourish Paint, located at Plot D, Emene Industrial Layout, Enugu State, Nigeria. PW was collected with a 20-liter container. The container cans were sealed and refrigerated until the commencement of the analysis. The effluents were characterized to determine their physical, chemical, and microbiological characteristics prior to their treatment.
. . Experimental Setup. A laboratory scale electrochemical setup made up of circular cell, electrodes, and other accessories were arranged. Two iron electrodes with surface area of 32 cm 2 were used. The electrolytic cell (electrocoagulator) used was a 600 ml cylinder glass reactor with a working volume of 500 ml, equipped with a magnetic stirrer as shown in Figure 1 . The stirring speed of the stirrer was set at 150 rpm.
The separation between the anode and the cathode was kept at 5.7 cm. The solution in the reactor was stirred by a plate impeller at a rotating velocity of 150 rpm. Controlled direct current was supplied by a DC power supply. The current readings were measured with an ammeter, while the temperature measurement was taken using an electronic hot plate.
. . Experimental Procedure. After detailed characterization of the wastewaters, several electrocoagulation (EC) batch experiment runs were performed in the laboratory. Initially the wastewaters were rigorously stirred for few minutes using the stirrer. This was to ensure proper homogenization of the samples.
During the EC experiment, the effects of pH, current density, time and temperature were studied. H 2 SO 4 and NaOH were used to adjust the pH value of the samples. Before each run, electrodes were washed thoroughly to remove any surface grease or solid residues.
In the treatment of POME, experimental runs were conducted to determine the effects of the process parameters. This was achieved by varying pH (2, 4, 6, and 8) against current densities (0.5, 1.0, 1.5, 2.0, and 3.0A) at 60 minutes Similarly, for PW treatment, experiments were also carried out to determine the effects of the process parameters. This was done by varying pH (2, 4, 6, and 8) against current densities (0.5, 1.0, 1.5, 2.0, and 3.0A) at 60 minutes and 60 ∘ C. In each experimental run, after proper homogenous stirring is attained, 100 ml of supernatant sample was collected for laboratory analysis.
The removal efficiency of by EC process for the removal of total dissolved and suspended particles (TDSP) was determined using
It is important to state that it is recommended that, at the end of process, the residues are treated before disposal. However, due to minimal volume of sludge generated in this study, the sludge was buried without further treatment. This is because, considering the cost of sludge treatment, it would be uneconomical to treat such minimal quantity of sludge. It is generally known that sludge generation in electrocoagulation is minimal [3, 10] .
. . Analysis Methods and Procedures. Analyses were carried out on the wastewaters (POME and PW). The physiochemical characterization followed standard methods. The pH, total suspended solids, total dissolved solids, COD, BOD, total 
Results and Discussion

. . Characterization of Effluents before and a er Treatment
. . . Characterization of POME before and a er Electrocoagulation. Table 1 shows the characterization results of Palm Oil Mill Effluent (POME). From the results in Table 1 , POME contains high quantity of solids (suspended and dissolved solids). This could be attributed to the high solid content emanating from the palm fruit [8, 17] . The high solid content emerges from the leaching process involved in palm oil processing. As such, the palm oil mill effluents are accompanied by solids and are carried along with water during processing. In other words, electrocoagulation treatment helps to achieve reasonable reduction in the solids (both suspended and dissolved) in POME [14] . The high value of TDS or electrical conductivity is advantageous to wastewater treatment using EC method. This is because it will eliminate the need to add an electrolyte needed to facilitate the passage of current in the wastewater solution. Also, the presence of chloride at relatively high concentrations helps in the production of chlorine as a result of the electrochemical process [10] . This is because since chlorine is an oxidizing agent, it participates in oxidizing soluble ferrous ions into insoluble ferric ions [18] . Although POME exhibits high BOD and COD; however, electrocoagulation treatment method was effective in reducing dissolved organic substances. This was evident in the reduction in BOD and COD after the treatment [19] .
. . . Characterization of PW before and a er Electrocoagulation. Table 2 shows the characterization result of paint wastewater (PW). Like in the case of POME, the obtained result shows that PW is also high in suspended and dissolved solids. It is also high in BOD and COD [20] . The turbidity, total dissolved solids (TDS), and total suspended solids (TSS) were also reasonably reduced after the treatment [15] . This could be attributed to the collision of particles [15] . The high values of TDS and electrical conductivity contributed immensely to the efficiency of EC treatment [10] . The pH of the wastewater before and after treatment was 10 and 7, respectively. The alkaline nature of the wastewater was instrumental to the effective removal of COD and turbidity. This was similar to the result obtained by Kobya [21] for removal of COD and turbidity from textile mill effluents. However, in their work, at pH 10, they found highest removal of COD and turbidity. This characterization result also revealed that a reduction in the quantity of lead was also achieved which would be accounted to the initial pH of the wastewater before electrocoagulation. Shakir and Husein [22] also found an initial pH of 10 to be more suitable for the removal of lead by electrocoagulation. Figures 2  and 3 show the effect of pH on the removal efficiency for POME and PW, respectively. The performance of electrocoagulation process is highly dependent on the pH of the solution. The effect of pH on electrocoagulation of POME and PW was studied within the pH range of 2-10, at 50 ∘ C and 60 ∘ C for POME and PW, respectively, with varying current densities. Figure 2 shows that the removal efficiency increased significantly when the solution pH was increased to 10, for POME. This could be attributed to the fact that increasing the solution pH can destroy the passive iron oxide layer that is formed at lower pH. The obtained results were similar to that obtained by Nur and Zawawi [23] for the electrocoagulation of POME using aluminum electrodes. They reported that an increase in the pH of the solution leads to a concurrent increase in the removal efficiency. In most case, pH increases during an electrochemical process. This is due to the fact that the process leads to the formation of metallic oxide [14] . These generated metallic ions undergo further spontaneous reactions to produce their respective corresponding hydroxides. In this study, iron hydroxide is produced. Figure 3 shows the electrocoagulation treatment of PW. In this figure, it is evident that an increase in pH beyond 6 resulted in decreased removal efficiency. However, it is important to note that the highest removal efficiency was attained at pH of 6. The high percentage of pollutant removal at this acidic medium was attributed to hydrogen evolution and the generation of OH-ions at the cathodes. Hence, acidic pH favored PW treatment using EC. The obtained result was similar to the results obtained by Abdurrahman [15] , for the treatment of paint wastewater by electrocoagulation. He stated that the removal efficiency increased significantly from pH 2-4, though beyond which no much increment was recorded. However, in this study, the slight increase in the removal efficiency as the pH was further increased to 6 could be attributed to the variation in the types of paint from which the wastewaters were generated. Figures 2 and 3 showed a contrast in response of the effluents (POME and PW) to acidity and alkalinity. Alkalinity was found to favor removal of pollutants in POME, while acidity favored pollutant removal in PW. This variation is attributed to the evolution of hydrogen and OH-ions at the cathode, which was favored by alkalinity in POME and inhibited by the acidity of PW. In other words, the effect of operating parameters in a water treatment depends a lot on the type of wastewater. This is attributed to the fact that the composition of an effluent affects its behavior. Hence, the behavioral contradiction as evident in the POME and PW treatment is studied.
. . Effect of Operating Parameters . . . Effect of pH on Electrocoagulation Process.
After the EC process, the effluents were observed to have an increase in the value of their pH compared to their initial pH, due to the generation of OH ion in the EC process [23] . This is described by
In addition, Fe 3+ and OH − ions generated at electrode surfaces react in the bulk wastewater to form ferric hydroxide:
. Figure 5 shows the effect of current density and settling time on the removal efficiency during electrocoagulation treatment of paint wastewater. Current density and time have significant effect on the treatment efficiency using electrochemical process [24] . These parameters were examined to determine the optimum level. The current density ranged from 0.5 to 3A.
. . Effect of Settling Time and Current Density on Electrocoagulation Process.
To determine the effect of current density and settling time, the experiment was performed at optimum temperatures of 50 ∘ C and 60 ∘ C for POME and PW, respectively. During electrocoagulation process, significant quantity of dissolved and suspended solids is removed in the first 5-10 minutes of stirring, before settling commences. For this reason, there was already some removal from settling time 0min. After stirring, the water sample is allowed to settle for further solid removal to occur. Hence, there is need to study the effect of settling time.
Removal efficiency of about 66% was achieved in POME at the current density of 3A and time 60mins as shown in Figure 4 . This shows that high current density resulted in high removal efficiency in POME. The steadiness of removal efficiency in POME at 1.5-3A corresponds to steadiness in the generation of bubbles observed during electrocoagulation of POME. This result is in agreement with the findings of Temperature ( ∘ C) Removal Efficiency (%) Figure 6 : Effect of temperature, at varying time for POME at current density of 3A and pH of 10.
Chantaraporn [14] and Yaakob [25] who reported that moderately high current density results in high removal efficiency in POME.
71% TSDP removal was achieved in PW at current density of 3A and time of 60 mins. This shows that high current density and time resulted in increased removal efficiency in PW ( Figure 5 ). The removal efficiency in PW increased from 0-25 minutes settling time. After 25 mins, no increase in the removal efficiency was noticed. This is attributed to decreased cathodic reaction. The trend of electrocoagulation efficiency experienced in PW is similar to the observation of Abdurrahman [15] in the treatment of paint manufacturing wastewater. Figures 6  and 7 depict the effect of solution temperature on the electrocoagulation performance. The result shows that removal of suspended and dissolved particles from POME increased when the solution temperature increased to 50 ∘ C. However, with further increase in the solution temperature there was decrease in the removal efficiency. This could be attributed to the fact that increasing solution temperature improves ion transfer from the anode and/or cathode surface to the solution and in other words leads to in decrease in solution viscosity and consequent increase in the ion diffusivity according to Stocks equation of diffusivity. Similar result was reported by El-Shazly and Danous [5] in the removal of phosphate ion from industrial effluent. They reported that removal efficiency of phosphate ion was increased by increasing the solution temperature up to 60%. They also reported that a further increase in the solution temperature was found to decrease the removal efficiency of the phosphate ion. Furthermore, Figure 7 shows that removal of TSDP from PW increased by increasing solution temperature to 60 ∘ C.
. . . Effect of Temperature on Electrocoagulation.
. . Electrocoagulation Kinetics . . . First-Order Kinetics. Equation (13) is the first-order kinetic equation. Equation (15) is the linearized form of (13). 
Upon integration, we have
where and C are initial and final concentrations of total suspended and dissolved particles (TSDP), respectively. Firstorder reaction kinetics of EC process was evaluated for the removal efficiency of TSDP with respect to time, using (15) .
Linear regression coefficient (R 2 ) was employed to ascertain the level of accuracy of fit of the kinetic model. Table 3 shows the kinetic parameters for first-order reaction obtained in this study. The R 2 , reaction rate constant (K), and the kinetic parameters and Care are presented in Table 3 . These were obtained from the plot of LnC against time. The value of K was obtained from the slope of the plot. The results in Table 3 indicate that the highest K values were obtained at current densities of 0.5, 2.0, and 3.0 A, while the least K value was obtained at 1.5 A. The degree of fitting of the kinetic model as expressed in (4) was ascertained using linear regression coefficient (R 2 ). For both POME and PW, their R 2 values as obtained from Figures 8 and 9 , respectively, were more than 0.9, hence, an indication that the first-order model fits the electrocoagulation experimental data satisfactorily, thus suggesting that the electrocoagulation of both POME and PW was perfectly described by first-order kinetic model.
. . . Second-Order Kinetics. Equation (16) shows the second order kinetic equation for the electrocoagulation of the wastewaters studied.
Equation (16) can be integrated to obtain where and are initial and final concentrations of total dissolved and suspended particles (TSDP), respectively. The second-order reaction kinetics of EC process was evaluated for the removal efficiency of TSDP with respect to time, using (17) .
Tabulated in Table 4 are the second-order kinetics parameters for both POME and PW. A plot of −1/C against time (t) was used to obtain kinetics parameters and K as could be seen in Table 4 . The R 2 , reaction rate constant (K), and the kinetic parameters and K are presented in Table 4 .
Using linear regression coefficient (R 2 ) (Table 4) , the level of fitting of the kinetic model to the experimental data was determined. It was established that second-order kinetic model did not well describe the electrocoagulation of both POME and PW as evident in Figures 10 and 11 . This was attributed to their low R 2 values that were less than 0.9.
Conclusion
Treatment of Palm Oil Mill Effluent and paint wastewater by electrocoagulation using iron electrodes has been found to be satisfactory. In the treatment of POME, the optimum removal efficiency of 65% was achieved under the following conditions: current density: 3A, temperature; 50 ∘ C, time: 60min, and pH: 10. A better removal efficiency was achieved in the treatment of PW as 76% at the following conditions: current density: 3A, temperature: 60 ∘ C, time: 60min, and pH: 6. To achieve better removal efficiency, further study on the optimization and thermodynamics of this process is encouraged. The result obtained from this study proves that this treatment method will be able to reduce the crudeness of POME and PW, making it more environmentally friendly. Hence it is hoped that palm oil mills and paint industries will treat their wastewaters using this treatment method, other than discharging them directly into the environment.
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